To maintain the efficiency of proton exchange membrane fuel cells (PEFC) without flooding, it is necessary to control the liquid water transport in the gas diffusion layer (GDL).
into two pieces at the silicon interface to observe the cross sectional ice distribution, and the observations were performed by a Leica microscope (Z16 APO) in the thermostatic chamber.
The cell was cut from the cathode side, to enable the cathode sides of GDL and MEA to be cut with negligible damage or delamination effects. The cutting paid attention to the need to obtain good images of the frozen water because the sectioning itself may cause delamination [12] . Image processing was conducted to identify the ice locations by comparing pictures with the frozen water deposits and pictures taken after the ice was evaporated. The developed freezing method was demonstrated to be effective to investigate the water distribution in the cell.
Zhigang et al. have suggested that the water within a fuel cell may possibly redistribute itself and move from region to region after cell operation has been shut down [15] . To investigate the water movement between the time when the operation was stopped and the frozen state, an experiment was conducted with a transparent acrylic cell. In this experiment, no current was generated and the experiment was conducted with only oversaturated (RH 200%) nitrogen gas to flood the cathode side of the cell, here the cell temperature was maintained at 35 °C in the incubator. After the oversaturated nitrogen gas had condensed and flooded in GDL, the flow of the supply gas was stopped and a photo of the cell at the stopped condition was taken. Then the acrylic cell was frozen in the thermostatic chamber and a further photo of the frozen condition was taken. The photos at the two different conditions, the condition when the supply gas was stopped and the frozen state, were compared to investigate the differences in the water distribution. With this experiment, it was possible to determine that the ice location within the cell at the freezing state is quite similar to the liquid water --8 distribution at the time when operation is stopped. Water distributions at three different positions (cross-sectional GDL and MEA/MPL interface, MPL/acrylic interface, and GDL/rib interface) were investigated.
Results and discussion

Cell performance for different carbon fiber directions of the GDL
The characteristics of the cell performance with the two carbon fiber directions were investigated at various current densities using the 25 cm 2 active area cell with the cathode separators of serpentine and straight channels. Fig. 5 shows the cell voltages for the two fiber directions at different current densities using the two separator types, serpentine and straight channels. Here, air was used as the cathode gas and pure hydrogen as the anode gas. The stoichiometric ratios were 3.0 for the cathode and 2.0 for the anode at 1.0 Acm -2
. The humidity of both gases was set to saturation at 60 °C with the cell temperature at 58 °C. The overall cell resistance in both cells was set equal before the cell operation. The results show that the performances of the two cells are very similar at the lower current densities for both separator types. However, the cell voltages of the perpendicular fiber direction are higher than those with the parallel fibers, and the differences in the cell performances become more apparent when the current densities increase. These results allow the conclusion that the perpendicular fiber direction GDL is superior to the cell with parallel fibers. The differences --9 become clearer when using the straight channel type cell, as the perpendicular fiber direction becomes parallel to the channels at the U-turns of the serpentine separator. It was also confirmed that the perpendicular fiber direction GDL showed less flooding characteristics than the parallel fiber direction GDL.
The effects of the width of rib on the cell performances were investigated by using the straight cathode separator with the smaller rib width, 1.0 mm, with channel width of 2.0 mm.
Although the difference was slightly smaller than in Fig. 5 , similar result was observed: i.e.
the cell voltages of perpendicular fiber direction were higher than those of the parallel direction in high current density region. The difference was confirmed even with the high stoichiometric ratio of 12.0 at 1.0 Acm -2 and oxygen operation. This confirms that the benefit of the perpendicular fiber direction still exists with the smaller width rib.
In order to confirm the above effect of anisotropic GDL, similar experiment was conducted with using an isotropic GDL at the same condition in Fig. 5 . The results showed that the same cell performance was obtained over the whole current density range when the isotropic GDL was placed in the different directions of 90 degrees. This result indicates that the cell performance can be affected by the carbon fiber direction of anisotropic GDL. The cell performance of the isotropic GDL was slightly higher than the anisotropic GDL of perpendicular fiber direction. This is due to the different properties of the two GDL's, and it does not mean the general inferiority of anisotropic GDL compared to isotropic GDL.
To investigate the tolerance to flooding, the cell temperatures were varied at two different relative humidity conditions. Fig. 6 shows the cell voltage changes using the two anisotropic GDLs, perpendicular and parallel, at different relative humidity conditions. The cell temperature was set at 50 °C (top panel of Fig. 6 ) and 42 °C (bottom panel), which corresponds to RH 60 % and 90 % respectively for the saturation temperature of the inlet gas at 40 °C. The stoichiometric ratios of the hydrogen and air were 1.3 and 3.0 at the current density 0.5 Acm -2
. The serpentine channel type was used as the cathode separator in this part of the investigation. Current density was increased gradually to 0.5 Acm -2 within 300 seconds, and then maintained at 0.5 Acm -2
. For both humidity conditions, the cell voltage of the perpendicular GDL cell is higher than that of the parallel GDL throughout the operation here.
The pressure drops are very similar for both conditions over the experimental period. This
indicates that the amounts of condensed water in the channels of the two cells are similar for the same current density operation. These results confirm that the perpendicular GDL cell is more tolerant to flooding than the parallel cell. The difference of cell voltages between the perpendicular GDL cell and the parallel cell in RH 90% is higher than that in RH 60%.
Further, the differences in the performances with the two different fiber directions in Fig. 6 are smaller than those at 0.5 Acm -2 in Fig. 5 with the higher humidity condition, 110 %. The difference of cell performances between two different fiber directions were also investigated at lower humidity condition, RH 40%, and the result showed the smaller difference of cell voltages than those at 60% and 90%. These results show that the benefits of the perpendicular cell become more apparent at higher humidity conditions, indicating that the difference appears to be due to the liquid water behavior in GDL.
Transport of the liquid water varies with current density, temperature, gas humidity, type of separator, cathode gas (air or O 2 ), and gas flow rate. Therefore, the cell performance at various conditions was investigated using the two cathode separators with straight and serpentine channels. Table 2 ) with oxygen. From these results, it can be concluded that the perpendicular fiber direction GDL has advantages over the parallel fiber direction GDL and that the effects of the carbon fiber direction of the anisotropic GDL are important in the management of the liquid water transportation. Further, it may be concluded that the differences in the performance of the perpendicular and parallel fiber directions are clearly demonstrated in the operation with air as the cathode gas.
To estimate the differences in the oxygen transport resistance with the two different fiber directions of cathode diffusion medium, limiting current measurements were conducted. . This substantiates that the use of the perpendicular carbon fiber direction allows an adequate oxygen supply, when comparing with the parallel fiber direction cell.
Liquid water behavior for the different carbon fiber directions with direct visualization --13
The characteristics of the water removal from the GDL to the flow channel were investigated using with the 25 cm 2 active area cell. The serpentine separator type which has better drainage characteristics for condensed water [13, 14] was used in the analysis. Fig. 9 shows . The saturation temperature for both inlet gases was set at 40 °C, with the cell temperature at 45 °C (RH 77 %). In these experiments, the cell voltage (data not shown) was also higher with the perpendicular direction GDL than with the parallel direction GDL. For both cases, the photos were taken at the same position, downstream in the channel at different times from the start of operation. The photos show that water film flows from the side of the rib to the channel with the perpendicular fiber direction (the left photos Fig. 9 ). In this cell operation, the water film grows from the side of the rib to the channel as shown in the photo at 27 min from the start of operation. The growth of the water film from the rib towards the channel can be seen in the photos at 29 min and 33 min.
Then, this water film flows in the gas flow direction, left to right in Fig.9 , in the channel as shown in the photo at 41 min of the perpendicular case. This shows that the accumulated liquid water inside the GDL under the ribs flows to the channels using the fiber direction perpendicular to the channel. However, with the parallel fiber direction (right photos) there was a liquid droplet at the center of the channel as shown in the right side photos in Fig. 9 . In these photos of the parallel case, the droplet is first at the center of the channel as shown in the photo at 21 min, and growth of the droplet can be seen in the photos at 22 min and 24 min.
Then, the droplet flows with the direction of the gas flow in the channel as shown in the photo at 25 min of the parallel case. The behavior of the water in these photos indicates that the water under the ribs may accumulate under the ribs when the fiber direction parallel to the channels was used, and this accumulated water may affect the cell performance. The liquid water behavior shown in these photos displays the general situation in all the recorded photos.
The observations indicate that the liquid water produced under the ribs was removed more regularly with the perpendicular direction GDL fibers than with the parallel fiber GDL.
From the water behavior in the cathode channel and the changes in the cell voltage, the process of removing the liquid water from the cell may be summarized as illustrated in Fig.   10 . In PEM fuel cell operation, the liquid water generated in the cell accumulates inside the GDL and is expelled through the openings between the fibers in the GDL and flows out to the cell channel [9] . The case with fibers perpendicular to the flow direction in Fig. 10 (top image)
suggests that the accumulated water under the ribs is able to flow out to the channels because the produced water is able to move along the GDL fiber direction. Therefore, the accumulated water under the ribs can migrate toward the channels as suggested in the photos of the perpendicular case in Fig.9 . In the perpendicular case, there is then adequate space in the GDL to allow the supply gas to flow and more oxygen can be transported to the zone under the ribs.
This situation produces a larger number of gas paths to the MEA under the rib areas, resulting in the superior performance of the cell with fibers perpendicular to the flow direction. In the case of the parallel fiber direction in 
Liquid water distribution inside the GDL by freezing visualization
To further investigate the effects of the carbon fiber directions on the water distribution inside the GDL, an advanced observation method involving freezing of the accumulated water was developed as mentioned in Section 2.2. A small cell with a reaction area of 2 cm 2 was utilized for this freezing experiment. Experiments with a high current density, 1.0 Acm 
Water behavior in the GDL in the high humidity conditions
The subtracted cross-sectional GDL pictures using the parallel fiber direction for the high humidity conditions (RH 78 & 95 %) are shown in Fig. 13 . The parallel fiber direction GDL were utilized to understand the effects of the humidity conditions on the water distribution behaviors because the differences in water behavior at different positions (under the channels and under the ribs) can be seen more clearly using the parallel fiber direction humidity conditions, the water thickness under the channels and the ribs are very similar and show as the same thickness in both conditions, stable and dried out. In the low humidity conditions, only small amounts of liquid water accumulates because of the larger evaporation speed.
Water behavior inside the GDL affected by the fiber direction
In the investigation of the differences of the water behaviors due to the effect of the carbon fiber directions, cross-sectional images showing the ice distribution of the perpendicular and the parallel fiber directions were used. there is more ice inside the GDL under the rib in the parallel case (top photos of Fig. 13 ) than in the perpendicular case (Fig. 15) . Further, it can be seen that the ice distribution under the channel and rib are very similar in the perpendicular case (Fig. 15) while there is more ice under the rib than that under the channel in the parallel case (top photos of Fig. 13 ). This suggests that the accumulated water can flow out to the channels along the fiber direction in the perpendicular case as explained for the perpendicular case in Fig. 10 . The photos under the rib in Fig. 13 and 15 confirm that the carbon fiber direction perpendicular to the channels gives the better water removal characteristics from the region under the ribs than the parallel case. Fig. 16 shows the estimated average water thickness at MEA/MPL interface (Fig. 12) for the two different fiber directions in the two humidity conditions. The results at the higher humidity (RH 78 %) and the lower humidity (RH 28 %) conditions were used here. In the low humidity condition, the thickness of the ice under the channels and ribs are almost the same for each cells, and the amounts of the ice distribution are slightly different for the two different fiber orientations. The operation with the lower humidity condition generates less water at the MEA/MPL interface due to the less saturated vapor, and the carbon fiber direction of the GDL does not affect on the water distribution inside the GDL in the low humidity condition.
For the high humidity condition, the thickness of the ice in the perpendicular case is a little larger than in the parallel case. Although the thickness of the ice under the channels is almost the same for the two fiber directions, the thickness is different under the ribs. This could be because the accumulated water hinders the supply of reactant in the parallel case, and thus the amount of produced water from the reaction under the ribs in the parallel case is --22 lower than that in the perpendicular case. This supports the previous explanations that the reaction rate is lower under the ribs in the parallel case. The results also indicate that more water may be produced under the channels than under the ribs in the parallel case, and that the produced water amounts are almost the same as in the perpendicular case. This confirms that more oxygen can be transported from the channels into the zone under the ribs in the perpendicular case with the result that the limiting current density of the perpendicular cell is better than that of the parallel cell.
The above consideration, however, might be affected by the difference of the clamping pressure for the fiber directions. The difference in the clamping pressure between under the channel and under the rib may be larger for the parallel case than that for the perpendicular case, because the fiber is not oriented from under the rib to under the channel in the parallel case. The observation of the compressed structure of the dry GDL showed that the GDL thickness was 225 µm under the channel and 215 µm under the rib in the parallel case, while it was is 223 µm under the channel and 220 µm under the rib in the perpendicular case.
This indicates that the space in the GDL under the clamping pressure was slightly different depending on the fiber direction. This may affect the difference in the water content between the two GDL's.
Conclusions
The effect of the fiber direction of an anisotropic GDL on the cell performance was experimentally investigated. The results showed that the efficiency of the cell is better with the fiber direction perpendicular to the gas channels (perpendicular cell), and the cell with perpendicular fibers is more tolerant to flooding than the cell with fibers parallel to the gas channels (parallel cell). Observation of the liquid water on the surface of the GDL suggests that the differences in the performance of the parallel and perpendicular cells are caused by the water transport characteristics in the GDL: that is, the liquid water produced under the ribs appears to be drained more easily from the reaction zone in the case of the perpendicular fiber direction than in the parallel fiber direction. The carbon fiber direction perpendicular to the channels appears to have better water removal characteristics for the regions under the ribs, resulting in the better cell performance.
To better understand the role of the fiber direction in the water removal ability an advanced visualization using water freezing was developed to explore the liquid water behavior in the cell. Here, cross-sectional images of the cell showed that the amount of accumulated water inside the GDL is larger under the ribs than under the channels with the parallel fiber direction GDL, and this indicates the importance of water removal from the rib zones. A comparison of the cross-sectional images of the cells with the two different fiber directions, perpendicular and parallel, confirmed that the liquid water removal ability and reactant gas transportation of the perpendicular fiber direction GDL is superior to that of the cell with the parallel fiber direction.
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